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Introduction
Femtosecond (fs) direct laser writing (DLW) of transparent materials is a reliable and powerful micromachining technique emerged in the recent years. In such a way, a wide range of three-dimensional (3D) photonic devices manufactured using this method has been demonstrated in glasses and crystals [1, 2] . When a femtosecond pulse is focused inside a dielectric material, the energy is only deposited in the vicinity of the focal spot due to a combination of nonlinear multi-photon absorption and avalanche ionization. If the deposited energy is sufficient, structural changes may occur in glasses, crystals and polymers, leading to a permanent modification in the dielectric function associated with a refractive index change. Above a certain irradiation dose and as a function of the material, a succession of dense and low density layers may appear, with subwavelength periodicities. In these processes, the laser electric field direction is a main factor in controlling both excitation efficiency and subsequent polarization of the dielectric matrix that assists the formation of ordered nanogratings. The resulting gratings in fused silica consist in narrow layers of lower index, oriented perpendicular to the laser electric field, with an interlayer period of approximately 2n λ , n being the refractive index and λ being the writing wavelength [3] [4] [5] . Similar nanogratings (although denoted as laser induced surface period structures, LIPSS) can be induced by polarized laser pulses on the surface of metals, semiconductors, and dielectrics [6] . The nanogratings formation with ultrashort laser pulses seems to be triggered essentially by electronic polarization effects as the molecular reorientation stays low during illumination. The dynamics of the nanogratings growth may involve collective electronic oscillations and local changes in polarizabilities which, due to a modulation of energy deposition and hydrodynamic matter redistribution, lead to the formation of a rippled structure under the condition of appropriate material relaxation.
All these phenomena may appear during fs waveguide writing and interesting characteristics of waveguides based on nanogratings have been observed: either morphologically under transmission scanning electrical microscopy (SEM) or optically in the guiding properties in e.g. fused silica [3] . A nanograting phenomenon leads to two main features; form birefringence with phase retardation and anisotropic scattering, namely polarization dependent scattering, with consequences in marking and phase control [7] . Polarization dependent scattering and resulting applications in light transport have been equally suggested [8] . Most cases concerning bulk nanogratings induced by fs laser pulses have been observed in fused silica and some derivates, rarely in other optical glasses or crystals, a situation that contrasts to surface ripples. A notable situation is the formation of nanostructures in bulk Ti:Sapphire, similar to the matrix material as reported by Wortmann et al. [9] . These regular nanopatterns can introduce certain polarization dependent guiding effects in Ti:Sapphire, putting forward a potential choice for fabricating polarizing elements in integrated photonic circuits. We note that, among the different solid state laser media, Ti:Sapphire is one of the most important materials as a laser medium due to its widely tunable output and broad absorption band. Especially, since it has a good thermo-conductivity, high optical damage threshold and allows high doping level of metal ions without significant degradation of spectroscopic characteristics, Ti:Sapphire crystal is a potential active media for fabrication of compact waveguide lasers. To this respect we point out that channel waveguides can be equally fabricated in Ti:Sapphire crystals by fs laser writing [10] , an advantage to be considered in optical fabrication of embedded elements. Positive refractiveindex changes necessary for waveguiding have been reported in the area above the tip of the damaged region induced by the laser pulse due to the redistribution of stress. Channel waveguides in particular are characterized by lower laser thresholds than bulk sapphire due to the guiding-mode confinement and excellent overlap between the laser mode and the pump. The combination of these effects, notably polarization and light guiding, may lead to an interesting set of optical functions and the development of 3D integrated photonic circuits.
However the fs inscribed waveguide in a crystal possesses new characteristics due to its anisotropy. Even though rarefaction or amorphization occur typically in the irradiated regions, positive index changes may appear at the extremity of the damage or be partially confined in between damage traces situated in close proximity due to stress accumulation and stressinduced birefringence. Firstly, in this case, the cladding of the waveguide may partially consist of the original crystal which is sensitive to the polarization. This leads to the possibility that the index of the cladding is smaller than the core induced by fs laser at some polarizations as the local birefringence may vary. Burghoff et al. [11] observed this kind of polarization dependent waveguiding in LiNbO 3 crystals, while similar structures in fused silica do not show a related polarization dependent guiding [12] . Secondly, we recall the formation of polarization sensitive nanopatterns within the confining traces.
Combining densification, nanograting formation, and stress-induced birefringence in the modified crystals, new optical functions can be predicted in sapphire crystals. In this article, we report on the fabrication of buried channel waveguides in Ti:Sapphire by using a double parallel line approach. Light confinement has been achieved between parallel micron-spaced tracks which posses nanostructured cross-sections. A remarkable polarization sensitivity of the guiding property was observed due to stress-induced polarization (accumulation of stress during photoinscription) in the interline region and the polarization dependent scattering properties of the nanostructures. The character of nanogratings in the sapphire crystal and possible formation mechanisms are discussed. Building on this basic geometry, the guiding of several 3D arrangements such as 3 × 3 waveguide arrays, diamond and hexagon structures are also investigated.
The paper is organized as follows. The experimental section describes the fabrication conditions and indicates the investigation details. The discussion part concentrates on two major issues. We firstly describe the structure and polarization dependent properties of the double track stress-confined waveguides in Ti:Sapphire in comparison to the LiNbO 3 crystals and fused silica, correlating the stressed refractive index change, core birefringence, and optical scattering of the nanogratings. Secondly, we investigate the guiding properties of complex structure such as 3 × 3 waveguide arrays, diamond and hexagon arrangements.
Experimental setup
The schematic design of the experimental setup is shown in Fig. 1 . A Ti:Sapphire CPA fs laser system (Spitfire, Spectra Physics) was used in the experiment. The central wavelength of the output laser pulses is 800 nm and the repetition rate is 1kHz The pulse duration was 120 fs. A shutter is used to control the irradiation time of the laser pulses in the sample. The pulse energy is controlled with a half-wave plate placed before a polarizer. Polished samples of ccut Ti:Sapphire with a Ti 3+ concentration of 0.5 at. % were mounted on a computer controlled XYZ motion stage (Physik Instrumente) that allows translation parallel or perpendicular to the laser propagation axis. The laser beam was focused inside the target by a long working distance 10 × Mitutoyo microscope objective (working distance 34 mm, nominal numerical aperture NA = 0.28). A longitudinal writing configuration, with translation parallel to the laser propagation axis (along the c-axis direction) was used throughout the text unless otherwise mentioned. An Olympus BX51 positive phase contrast microscope (PCM) was employed to monitor the interaction region in a side-view geometry. In this arrangement, the relative positive index changes are appearing dark on a gray background, while white zones indicate negative index variations or scattering centers. The end facets of the waveguides were ground and polished after laser irradiation. Optical near-field mode profiles were recorded with a 20 × microscope objective and a charge-coupled (CCD) camera. Waveguides were illuminated using an additional incoherent white light (WL) sources and polarized 800 nm CW light. Real-time PCM imaging and in-line near-field mode measurement make the experimental setup be a highly efficient workstation for waveguide writing. The laser-induced traces were further analyzed using optical transmission (OTM) and cross-polarization microscopy (CPM) to distinguish stress birefringence. Subsequent to irradiation, the written traces were also exposed in cross-section after polishing and etching following the technique presented in [9] , and imaged using Scanning Electron Microscopy (SEM).
Results and discussion

Photoinscription of single and parallel lines
The critical power for self focusing in sapphire crystals equals a few MWs. For sufficient irradiation exposures, above the critical power, a single line structure fabricated in the crystal may produce a lower density negative refractive index change in the trace as the material may loose crystalline order and thermo-mechanically expand. A shallow positive index appears around the main traces due to possible stress [11] . As the typical modification in a single line is a dominantly negative change, the concept used for fabricating waveguides was based on stress confinement and accumulation of compaction in the stressed regions between the two neighboring lines. . The distance between the double traces is 25µm. (c) and (d) End view transmission microscopy images of structure 1 and structure 2, respectively. (e) and (f) End view polarization/birefringence microscopy images of structure 1 and structure 2, respectively. White region in (e) and (f) shows strong stress-induced birefringence. Fast axis and slow axis are indicated in (e) and (f) according to the two orthogonal polarization guiding mode. The writing pulse energy was 50µJ and the pulse duration was 120fs.
To achieve this fabrication concept, the sample was held on a translation stage that moved in a direction parallel to the writing beam. Two parallel lines separated 25µm were written by translating the sample with a speed of 50 µm/s, creating a potentially guiding trace in between where light can be subsequently injected. Waveguides that are based on stress in the crystal are inherently asymmetric since they are always located next to the low index modification. Here the decreased refractive index acts as a strong barrier for the guided mode. The writingpulse energy was 50µJ. Figure 2 (a) and 2(b) show PCM images of the double tracks written in XZ plane (denoted structure 1) and YZ plane (denoted structure 2), respectively. White color trace in PCM indicates negative index changes with respect to the matrix.
Optical and birefringence imaging
The Ti:Sapphire crystal undergoes strong disorder and volume increase in the exposed region upon the irradiation with fs laser pulses [13] . At the same time, stress is induced in the surrounding material. In optical materials, glassy or crystalline, the magnitude of stresses in microstructures can lie in a large range from MPa to GPa depending on the focusing conditions [14] [15] [16] . In our case, the initial pressure leading to thermo-mechanical constraints can be roughly estimated as P E T α = ∆ , where α is the average mechanical expansion coefficient, E is the Young modulus and T ∆ is the temperature variation during the laser modification, provided that heating occurs very fast. Here α = 8.1 x 10 −6 / °C and E = 345 GPa. T ∆ is considered around the melting point of Sapphire (2040°C). The maximum stresses in the interaction region which can amount to significant values in sapphire (about 5.7GPa) due to a large Young modulus and directionally selective high expansion coefficients, can cause the inhomogeneous and anisotropic distribution of refractive indices by the elasto-optic effect [17, 18] . The correspondingly emerging stresses accumulating between the double traces are slightly lower than that in the interaction regions. Using standard transmission and cross-polarization microscopy we investigated the absorbing, scattering and birefringence properties of the region in the vicinity of the double tracks. Figure 2 (c) and 2(d) depicts the end view transmission microscopy images of the two structures, respectively. Dark region shows strong scattering of the disordered structure. White regions surrounding the dark traces represent guiding modes of white light due to stress birefringence and index increase. With the cross-polarization microscopy, the birefringence property of the region in the vicinity of the double tracks was equally analyzed in a qualitative manner, with a quantitative estimation given latter in the text. The birefringent character is shown in Fig. 2(e) and 2(f) . Laser unexposed regions around the dark tracks and between the double photowritten lines indicate stress-induced birefringence. To be noted here, the end view of the laser-induced traces under cross-polarization microscopy is dark due to strong scattering. As it will be seen later, this is due to the formation of nanogratings that contribute to a negative phase retardation and light scattering [5] inside the trace. Fig. 3 . Microscopy and near-field mode images of structure 1 and structure 2 for injected 800 nm radiation with two orthogonal polarization directions respectively. In the letter "AB" on the top of each column the first letter represents the writing polarization, and the second letter represents the injection polarization. (a, f) Microscopy image of the structure 1 and 2. Polarization dependent optical guiding properties in the double line structure were observed (be, g-j). The guiding is sensitive to structure configuration and polarizations. Horizontal polarization can be guided only in structure 1 written with vertically polarized radiation (see Fig. 3(b) ); the vertical polarization can be guided in horizontally polarized written structure 2 (see Fig. 3(j) ).
Guiding modes
In order to investigate how the writing laser polarization impacts on the guiding mode, both horizontal (denoted H, electric field vector along Y axis) and vertical (denoted V, electric field vector along X axis) polarizations were adopted for photoinscribing structure 1 and structure 2. Figure 3 depicts near-field modes of guided 800 nm light injected in the core, between the lines. A noticeable polarization sensitivity of the structures was observed. Horizontal polarization can be guided in structure 1 shown in Fig. 3(b) written by vertically polarized laser pulses. No guiding modes were observed in the other cases related to the polarization of the injected light. On the other hand, only the vertical polarization can be guided in horizontally polarized written waveguide in structure 2, shown in Fig. 3(j) .
A similar effect was observed in fused silica. As indicated in ref [5] , the guiding rule of type II waveguide in fused silica is that the injection polarization must be orthogonal to the writing polarization. We attributed this polarization sensitive guiding in fused silica to nanogratings induced by linearly polarization laser. In anticipation of the nanostructures observed previously in sapphire [9] , we investigate their presence in the bulk by checking the cross section of the trace in Ti:Sapphire. Figure 4 shows the SEM images of the cross section of the traces written with vertically and horizontally polarized ultrashort laser pulses. After lapping and polishing the end face of the track, the crystal was etched for 5 minutes in 10% aqueous solution of HF acid. The modified regions obtained a significant change in the exposed surface morphology required for subsequent investigating with SEM. The average period of self-organized nanostructure grating is about 230 nm. The nanoplane is orthogonal to the polarization of the writing beam. Nanogratings formation is often associated with collective electronic oscillations of denser laser-induced electron plasmas. Couairon suggested already a particular structural damage associated with an electron-ion plasma triggered by avalanche [19] , moving away from the regime of intensity clamping and the associated leveling of electronic density [8] . This regime is sensitive to the initial seed electrons produced by multiphoton ionization determining carrier multiplication, and therefore to pulse duration, but equally to spatial inhomogeneities.
Nanogratings generation
The hypothesis of transient nanoplasmonics can assist in understanding the nanograting formation. This suggests how the nanoplanes are first assembled from smaller structures and then subsequently self-ordered on a long-range scale [20] . However, according to the nanoplasmonics scenario, nanograting formation should not be very sensitive to the interaction media with the exception of the number of initiation centers. Until now, uniform nanogratings was already observed in fused silica, doped silica glass [21] , TeO 2 crystal [22] and sapphire crystal, but were not identified in borosilicate BK7, doped phosphate glass, tellurite oxides, and LiNbO 3 , where apparently the cohesion energy of the bonding strength plays a role [23] . In most cases, the period of nanogratings is several hundred nanometers. This suggests that melting on large regions should not happen during the nanograting formation, merely a viscosity decrease assisting the material hydrodynamic movement via cavitation in soft phases. So short pulse duration and high melting point of media are necessary. The previous experiment shows that the domain of nanogratings increase slowly with the augmentation of the pulse duration [8] .
Light transport properties
Firstly, the nanostructures formed in the trace can be considered responsible for this polarization dependent guiding phenomenon, acting as a birefringent cladding with a scattering efficiency which is polarization dependent. Maximal transmission for the injected light occurs when the electric vector is parallel to the nanoplane and maximum scattering or mode leaking occurs when light vectors are perpendicular to the nanoplanes. Consequently the guides allow light transport for polarizations aligned along the planes and scatter radiation for polarizations aligned orthogonal to the planes. According to this, as in the case of type II waveguide in fused silica, it is understood that guiding of the mode occurs in Fig. 3 (b) and 3(j) and no guiding mode appears in the Fig. 3(c), 3(d) , 3(h) and 3(i). To be noted here, Fig.  3 (e) and 3(g) are out of the rule. We have therefore to consider an additional mechanism. As shown for LiNbO 3 [11] , this can be attributed to and additional structure sensitive guiding property which originates from the stress-induced birefringence.
Secondly, stress-induced birefringence induced by fs laser pulses in the crystal results in an anisotropic distribution of the refractive index [12, 24] . The direct laser writing method involving tightly focused fs laser pulses was used here to fabricate regions of amorphous sapphire inside the original crystalline sample at similar conditions as in the previous studies [25, 26] . Cracks can be observed under optical microscopy or nanocrack under SEM. Polariscopy and phase imaging is used to quantify the stress-induced birefringence. The lasergenerated stress-birefringence between the double laser traces amounts up to 10 −3 for visible wavelengths, (consistent with the GPa stress magnitudes [15] originating from thermal expansion indicated before) and the stress volumes span on tens of microns. Due to stress birefringence, light confinement between the two tracks is totally different for horizontal and vertical configurations. Between the double tracks induced by laser irradiation in structure 1, the index change is positive for horizontal and negative for vertical polarization. We mention that a similar behavior was reported in crystals. The observed behavior in the core is similar as the one involved in writing waveguides in LiNbO 3 crystal written by fs pulse, and other stress induced waveguides [11] , and fabrication in Ti:Sapphire may carry interest due to higher resistance to damage and heat.
In view of the above-mentioned facts, the polarization dependent guiding in Ti:Sapphire can be explained by a mix of two polarization-sensitive mechanisms: polarization dependent scattering of the nanostructures combined with a birefringent structure core index change which is equally polarization sensitive. The total loss of the double line structures was measured by end coupling a 980nm diode laser (outside the absorption band of the Ti:Sapphire) into the structure. A single mode fiber and a short-focus aspheric lens were used to couple and collect the light. The total loss of the 3mm-long waveguide was 1.1dB for guiding mode. In consideration of inevitable coupling loss between waveguide and fiber, the propagation loss should be less than 3.67dB/cm. Typical propagation loss for fs-written waveguide in the LiNbO 3 crystal is around 1dB/cm, suggesting a similar range of losses in our case and the 2.5dB/cm propagation loss value mentioned in ref [10] . In addition, the extinction ratio of the double line structures depends on the length of the waveguide. The extinction ratio can be improved when longer waveguide length is adopted. The further use of the polarization dependent guiding property for the fabrication of high extinction ratio channel waveguides polarizer in Ti:Sapphire could be highly advantageous in integrated optical circuits, particularly for light transport and potential amplification.
Complex structures
In order to investigate the guiding of 3D assembling of traces, two 3 × 3 waveguide arrays were fabricated with vertically and horizontally polarized laser pulses respectively. The distance between the neighboring traces is 25µm. The length of all traces is 3 mm. We injected 800nm laser at the center of each two neighboring traces in turn. Figure 5 (a) and 5(c) depict near-field mode images of the waveguide array injected with horizontal and vertical polarizations respectively. All the guiding modes positions were shown by red spots in Fig.  5(b) and 5(d) . The results support the previous conclusion extracted from the polarization dependent double line structure. However modes coupling is not apparent in this case, a large distance between two possible modes and effective normalized waveguide frequency may play an important role to diminish the mode coupling. In a previous paper [5, 8] , we have reported that diamond, hexagon and octagon structures consisting of type II traces lead to particular polarization dependent light transport properties due to form birefringence in nanogratings determining a low index cladding of the waveguide. That kind of 3D structure shows the ability of guiding light in fused silica related to the orientation of the nanostructures. Here we equally investigate a diamond structure as shown in the left part of Fig. 6 . In Fig. 6 (a) top and bottom traces were written by vertical polarization, and left and right traces were produced by horizontal polarization. So Fig. 6(a) consists from the superposition of the structures depicted in Fig. 3(b) and Fig. 3(j) where each individual arrangement can guide light. However, the global structure is not able to guide light. We attribute this to orthogonal nanograting which scattering all the polarizations of the injected light.
Also a hexagon structure was written by horizontally and vertically polarized laser pulses respectively. The end face picture under transmission optical microscope presents a grey guiding region shown in Fig. 6(b) , however no guiding mode was observed under any polarization of the laser injection. This is a behavior different from the case in fused silica, which permits the guiding of light perpendicular to the structures. In particular, a hexagon structure written by the horizontal polarization of the laser in fused silica guides horizontally polarized light (see Fig. 6(e) ). There are two effects concurring to achieve this behavior. First of all, polarization dependent scattering of nanogratings can extinguish one polarization. Secondly, stress-related region of the birefringence induced by fs laser expands typically in the range of 24 µm around the damaged trace in sapphire crystal [15] . The six spots are separated by 25 µm from each other and the effective index in the middle of hexagon is prone to no change. That is why hexagon structure in sapphire cannot guide Fig. 6 . Near field mode images of the cross-sections of diamond structure (a) and hexagon structure (b) written by ultrashort laser pulses with horizontal and vertical polarization respectively. Two orthogonal polarizations were injected into the center of every structure respectively, but no guiding modes were observed for 800nm injected radiation. (c) and (d) show the orientation of the nanogratings in the rods of the diamond diamond, respectively the hexagon structure. The length of all traces is 3 mm. (e) shows the particular polarization dependent light guiding properties of the hexagon and octagon structures in fused silica [3, 6] , The red spots in the structure represent the guiding positions, the arrows on the left column indicate the polarization of the writing laser, the arrows on the top of each column indicate the polarization of the injection laser.
Conclusion
In conclusion, we have observed polarization sensitive guiding properties of double line structures in sapphire. The polarization dependent guiding can be explained by the birefringent stressed core combined with polarization dependent scattering of the surrounding nanostructures. The subwavelength pattern located inside the marginal traces develops perpendicular to the laser polarization as confirmed by electron microscopy inspection. Based on the observed polarization sensitive characteristics and on the double-line concept, 3 × 3 waveguide arrays were realized in the crystal with the same polarization sensitive behavior, without apparent mode coupling. Complex 3D diamond and hexagon were equally investigated and the role of birefringence was discussed in comparison to fused silica. Thus, relying on guiding and polarization functions, the fabricated structures emerge as promising candidates for the future development of integrated optics elements in the Ti:Sapphire or sapphire crystals.
